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31 Introduction
Information retrieval (IR) is the science of information search within documents, relational databases,
and the World Wide Web (WWW). In this work, we have tried to review some novel methods in
IR theory. This report covers a number of the state of art methods in a wide range of topics with
a focus on graph-based techniques in IR.
This report is created based on the literature review done as a requirement of the Directed Study,
EECS 599, course at the Department of Electrical Engineering and Computer Science, University
of Michigan, Ann Arbor. The ﬁrst author would like to thank Prof. Dragomir R. Radev for his
discussions, reviews, and useful suggestions to support this work.
42 Random Walks
2.1 Preliminaries
A random walk is a mathematical formalization of successive movements in random directions.
This analysis applies to Computer Sciences, Physics, Theory of Probability, Economics and some
other ﬁelds of studies. In general, the position of a random walker is determined by its previous
state (position) and a random variable that determines the subsequent step length and direction.
More formally,
X(t + τ) = X(t) + Φ(τ)
where X(t) is the position of the random walker at time t and Φ(τ) is a random variable that
determines the rule to take the next step.
Diﬀerent categorizations for random walks have been proposed, based on whether they are
discrete or continues, biased or unbiased, one dimensional or of higher dimensions. The simplest
form of a random walk is a discrete one-dimensional walk in which Φ(τ) is a Bernoulli random
variable with p being the probability of a positive direction, and 1 − p being the probability of a
negative direction. Polya’s theorem [63] indicates that a random walker on an inﬁnite lattice in
d-dimensional space is bound to return to the starting point when d = 2, but it has a positive
probability of escaping to inﬁnity without returning to the starting point when d > 3. The walk
that will meet its starting place is called recurrent, while if there’s a positive probability of escaping
it is called transient.
An inﬁnite lattice can be considered as an extremely big graph that ﬁts in it. Let Gr be the
subgraph of an inﬁnite lattice in which no node has a lattice distance of greater than r from the
origin. This means that no shortest path along the edges of the lattice with its head in origin
has length greater than r. Let ∂G(r) be the sphere of radius r about the origin, (points with
the exact distance r from the origin). ∂G(r) looks like a square in a 2-dimensional lattice. Now
consider a random walker that starts its walk from origin. If p
(r)
esc be the probability that the random
walker reaches ∂G(r) before returning to origin, then the escape probability of the random walker
is limr→∞ p
(r)
esc which decreases as r increases. With this deﬁnition, If this limit is 0, the walk is
recurrent, otherwise it is transient.
In the ﬁrst part of this chapter we will have an overview of the electrical approach to proof
Polya’s theorem discussed in [28], and in the second part we discuss the work described by Aldous
and Fill [5].
2.2 Random Walks and Electrical Circuits
One of the attempts has been to interpret the Polya’s theorem as a statement about electric
networks, and then to prove the theorem using the electrical theoretic point of view [28].
To determine p
(r)
esc electrically, the authors in [28] ground all the points of ∂G(r) and maintain
the origin at one volt, and measure the current i(r) ﬂowing into the circuit. They show that
p(r)
esc =
i(r)
2d
For d being the dimension of the lattice. Given that the voltage is 1, then i(r) is the eﬀective
5conductance between the origin and ∂G(r):
i(r) =
1
R
(r)
eff
So
p(r)
esc =
1
2dR
(r)
eff
If the eﬀective resistance from origin to inﬁnity is Reff then
pesc =
1
2dReff
Thus if the eﬀective resistance of the d-dimensional lattice is inﬁnite, then the escape probability
is zero and the walk is recurrent. In other words: “simple random walk on a graph is recurrent
if and only if a corresponding network of 1-ohm resistors has innite resistance out to inﬁnity”. It
is trivial that an innite line of resistors has innite resistance. Using this fact, Doyle and Snell [28]
conclude that simple random walk on the 1-dimensional lattice is recurrent, which conﬁrms Polyas
theorem.
For the two-dimensional case, they use the Shorting Law to calculate the resistance of the lattice
network out to inﬁnity as
∞ X
n=1
1
4n + 8
which tends to ∞. So in the two dimensional case:
pesc =
1
2dReff
=
1
2d
P∞
n=1
1
4n+8
= 0
Which again conﬁrms that simple random walk on the 2-dimensional lattice is recurrent as stated
by Polyas theorem.
For three dimensional lattice, denote by P(a,b,c;n) the probability that the random walker be
at (a,b,c) at time n.
p(0,0,0;0) = 1
and
p(a,b,c;n) =
1
6
p(a − 1,b,c;n − 1) +
1
6
p(a + 1,b,c;n − 1)
+
1
6
p(a,b − 1,c;n − 1) +
1
6
p(a,b + 1,c;n − 1)
+
1
6
p(a,b,c − 1;n − 1) +
1
6
p(a,b,c + 1;n − 1)
Using the technique of generating functions they reach
p(a,b,c;n) =
1
(2π)3
.
Z π
−π
Z π
−π
Z π
−π
(
cosx + cosy + cosz
3
)n cos(xa)cos(yb)cos(zc)dxdydz
6Then the expected value of the number of returns to origin is reached by assigning a = b = c = 0
and summing over n:
m =
3
(2π)3
Z π
−π
Z π
−π
Z π
−π
1
3 − (cosx + cosy + cosz)
dxdydz
A simple solution to this integral is proposed in [34] who evaluated this integral in terms of
gamma functions:
m =
√
6
32π3Γ(
1
24
)Γ(
5
24
)Γ(
7
24
)Γ(
11
24
) = 1.516386...
where
Γ(x) =
Z ∞
0
e−ttx−1dt
If u is the probability that a random walker, starting at the origin, will return to the origin,
then the probability that the walker will be there exactly k times (counting the initial time) is
uk(1 − u). Thus, if m is the expected number of times at which the walker is at the origin:
m =
∞ X
k=1
kuk−1(1 − u) =
1
1 − u
So,
u =
m − 1
m
This shows, in this particular 3-dimensional lattice, that the probability of a random walker, starting
at the origin, returning to the origin is
u = 0.340537...
Which means that in the 3-dimensional lattice there is a non-zero probability that the random
walker will not return to the origin and will escape.
2.3 Random Walks on Graphs
In this section, we mainly focus on the graph application of Markov chains [5].
A Markov Chain is a stochastic process {Xn,n = 0,1,2,···} that takes on a ﬁnite or countable
number of possible values. Whenever the process is in state i, there’s a ﬁxed probability Pij that
it will in state j in the next step.
P{Xn+1 = j|Xn = i,Xn−1 = in−1,···,X1 = i1,X0 = i0} = Pij
where
Pij > 0,
i,j > 0,
∞ X
j=0
Pij = 1
P is called the one-step transition Probability matrix.
7P =
0
B
B B B
B B
@
P00 P01 P02 ···
P10 P11 P12 ···
. . .
. . .
. . .
Pi0 Pi1 Pi2 ···
. . .
. . .
. . .
1
C
C C C
C C
A
If π is the stationary distribution of a ﬁnite irreducible discrete-time chain (Xt), the chain is
reversible if
πipij = πjpji
In fact, if (Xt) is the stationary chain (X0 has distribution π) then
(X0,X1,···,Xt) = (Xt,Xt−1,···,X0)
In the forth section, the authors talk about coupling which is a methodology to ﬁnd an upper-
bound for ¯ d(t) := maxij kPi(Xt = .) − Pj(Xt = .)k. Coupling is a joint process ((X
(i)
t ,X
(j)
t ),t > 0)
such that: X
(i)
t is distributed as the chain started at i, and X
(j)
t is distributed as the chain
started at j. Then the assumption is made that there is a random time Tij < ∞ such that
X
(j)
t = X
(j)
t ,Tij 6 t < ∞ and Tij is called the coupling time. The coupling inequality is
kPi(Xt ∈ .) − Pj(Xt ∈ .)k = kPi(X
(i)
t ) ∈ .) − Pj(X
(j)
t ) ∈ .)k
6 P(X
(i)
t 6= X
(j)
t
6 P(Tij > t)
The calculation of random walks on large graphs can be done under two settings. First, when
the graph is just 1-dimensional. Second, when the graph is highly symmetric. Aldous and Fill [5]
further talk about tree states, and that on a n-vertex tree, a random walk’s stationary distribution
is
πv =
rv
2(n − 1)
83 Semi-supervised Learning
3.1 Survey
Many semi-supervised learning methods have been used before. Some are EM with generative
mixture models, self-training, co-training, transductive support vector machines, and graph-based
methods. There is no direct answer which one should be used or which is the best. The reason is
that the labeled data is scarce and semi-supervised learning methods tend to make strong model
assumption which is highly dependent on the problem structure.
The big picture is that semi-supervised learning methods use unlabeled data to modify the
hypotheses (p(y|x)) derived from labeled data (p(x)) alone. In this section semi-supervised learning
refers to semi-supervised classiﬁcation, in which one has additional unlabeled data and the goal is
classiﬁcation, unless otherwise noted.
3.1.1 Co-training
Co-training [55] is a semi-supervised learning techniques which makes three preliminary assump-
tions:
1. The feature space can be splitted up into two separate sets.
2. Each feature space is suﬃcient to train a good classiﬁer.
3. The two sets are conditionally independent given the class.
Initially, each classiﬁer is trained using the initial labeled data on the corresponding feature
space.Then both classiﬁers classify all unlabeled data. In each iteration each classiﬁer adds n
negative data points and p positive ones, about which it is the most conﬁdent to the labeled data
and returns the rest to the shared unlabeled data. Both classiﬁers will then re-train using the new
labeled data.
Input::
• F = (F1, F2, ., Fm) which are m semantically diﬀerent feature sets (that can be considered
as diﬀerent views of the data)
• C = (C1, C2, ., Cm) which are m supervised learning classiﬁers (each of which corresponds
to a unique feature set)
• L is a set of labeled training data
• U is a set of unlabeled training data
The procedure of Co-training is as follows.
• Training each classiﬁer Ci initially on L with respect to Fi
• For each classiﬁer Ci:
– Ci labels the unlabeled training data from U based on Fi
– Ci chooses the top p positive and top n negative labeled examples E from U according
to the conﬁdence of the prediction
9– Remove E from U
– Add E into L with corresponding labels predicted by Ci
More generally, we can deﬁne learning paradigms that use the agreement among diﬀerent learn-
ers in which multiple hypotheses are trained from the shared labeled data, and are necessary for
making predictions on given unlabeled data. In general, multiview learning models do not require
the assumptions made by Co-Training.
3.1.2 Graph-based Methods
In graph based methods, the techniques are applied on graphs with labeled an unlabeled nodes,
and similarity of nodes as edges. Graph based methods are problems that deal with estimating a
function f on the graph where f should satisfy two properties:
1. Should be close to the given labels yL on the labeled nodes. (loss function)
2. Should be smooth on the whole graph. (regularizer)
Most of the graph based methods are only diﬀerent from one another in that they have diﬀerent
loss functions and regularizers. It is more important to construct a good graph than to choose
among diﬀerent methods. We will itemize some of the methods and discuss the graph construction
after that.
• Mincut
Blum and Chawla [14] represent the problem as a mincut problem in which positive labels act
as sources and negative labels act as sinks. The goal is to ﬁnd a minimum set of edges whose
removal blocks all ﬂow from the sources to the sinks. After that, all nodes connected to the
sources are labeled as positive, and all nodes connected to the sinks are labeled as negative.
The loss function is a quadratic loss with inﬁnity weight
∞
X
i∈L
(yi − yi|L)2
This ensures that the values on the labeled data are ﬁxed at their given labels. The regularizer
is
1
2
X
i,j
ωij|yi − yj| =
1
2
X
i,j
ωij(yi − yj)2
The above equality holds since y takes binary values. Putting all together, the goal of the
mincut method is to minimize
∞
X
i∈L
(yi − yi|L)2 +
1
2
X
i,j
ωij(yi − yj)2
given the constraint
yi ∈ {0,1},∀i
10• Gaussian Random Fields
Zhu et, al [74] introduce the Gaussian random ﬁelds and harmonic function methods which
is a relaxation of discrete Markov random ﬁelds. This can be viewed as having a quadratic
loss function with inﬁnity weight, so that the labeled data are ﬁxed at given label values, and
a regularizer based on the graph combinatorial Laplacian (δ)
∞
X
i∈L
(fi − yi)2 +
1
2
X
i,j
ωij(fi − fj)2
= ∞
X
i∈:
(fi − yi)2 + fT∆f
fi ∈ R is the key relaxation to Mincut.
• Local and Global Consistency
The method of local and global consistency [76] uses the loss function
n X
i=1
(fi − yi)2
But in the regularizer it uses a normalized Laplacian, that is, D−1/2∆D−1/2. The regularizer
is
1
2
X
ij
ωij(
fi p
Djj
−
fj p
Djj
)2 = fTD−1/2∆D−1/2f
• Local Learning Regularization
The solution of graph-based methods can often be viewed as local averaging. In other words,
the solution f(xi) in an unlabeled point xi is the weighted average of its neighbors’ solutions.
Since most of the nodes are unlabeled, we do not require the solution to be exactly equal to
the local average, but regularize f so they are close. A more general approach is to generalize
local averaging to a local linear ﬁt. To do so, one should build a local linear model from xi’s
neighbors to predict the value at xi. Thus, the solution f(xi) is regularized to be close to this
predicted value.
• Tree-Based Bayes
In this method, a tree, T, is constructed with the labeled and unlabeled data as the leaf
nodes, and has a mutation process. In the mutation process a label at the root propagates
down to the leaves. While moving down along edges, a label mutates at a constant rate. This
makes the tree uniquely deﬁne the probabilistic distribution P(X|Y ) on discrete Y labelling.
In fact, if two leaf nodes are closer in the tree, they have a higher probability of sharing the
same label.
Although the graph is the core of the graph-based methods, its construction for this purpose
has not been studied widely. Majer and Hein [47] propose a method to denoise point samples
from a manifold. This can be considered as a preprocessing step to build a better graph in
order to do the semi-supervised learning on the graph which is less noisy. Such preprocessing
results in a better semi-supervised classiﬁcation accuracy.
113.2 Semi-supervised Classiﬁcation with Random Walks
In this section we reviewed a method of semi-supervised classiﬁcation using random walks described
in [68]. In their work, Szummer and Jaakkola [68] ﬁrst create a weighted K-nearest neighbor graph,
with a given metric, and form the one-step transition probability matrix as
pik =
ωik P
j ωij
if i and k are neighbor nodes, otherwise pik = 0.
Two points are considered close if they have nearly the same distribution over the starting states.
When t → ∞ all the points are indistinguishable if the original neighbor graph is connected. If
P is the one step transition probability then Pt is the t-step transition probability which is row-
stochastic, i.e. rows sum to one. A point k, whether labeled or unlabeled, is interpreted as a sample
from the t-step Markov random walk. The posterior probability o the label for point k is given by
Ppost(y|k) =
X
i
P(y|i)Pt
ik
The class is then the one that maximizes the posterior probability:
ck = argmaxc{Ppost(y = c|k)}
The authors then use two separate techniques to estimate the unknown parameter P(y|i):
Maximum likelihood with EM and maximum margin given constraints. They conclude that the
Markov random walk representation provides a robust approach to classify datasets with signiﬁcant
manifold structure and very few labeled data.
3.3 Graph-Based Semi-supervised learning with Harmonic Functions
Most of the semi-supervised learning algorithms are based on the manifold structure and the as-
sumption that similar examples should belong to the same class. The goal in graph classiﬁcation
is to learn a function f : V → R. For all labeled nodes vi we have f(vi) ∈ {0,1}.
The desired situation is that close and similar nodes are assigned to the same classes. Therefore,
an Energy function is deﬁned as:
E(f) =
1
2
X
i,j
ωij(f(i) − f(j))2
Solving the classiﬁcation problem, now reduces to minimizing the energy function. A solution f to
this minimization problem is a harmonic function with the following property:
f(j) =
1
dj
X
i∼j
ωijf(i)
for j = l + 1,···,l + u. It should be noted to keep the value of labeled nodes constant (0 or
1). The other nodes should have values that are calculated with the weighted average of their
neighbors. The harmonic function is a real relaxation of the mincut function. Unlike mincut, which
is not unique and is NP-hard, the minimum-energy harmonic function is unique and eﬃciently
computable. Although harmonic function is not formulated as discrete values, one can use the
domain knowledge or hard assignments to map from f to labels.
12Relevant Not Relevant
Retrieved true positive (tp) false negative (fn)
Not Retrieved false negative (fn) true negative (tn)
Table 1: Retrieval contingency table
4 Evaluation in Information Retrieval
4.1 Overview
The ﬁrst part of this study focuses on an overview of Information Retrieval (IR) evaluation in
general. Concepts in this section are mainly referred to [49]. To evaluate the eﬀectiveness of an IR
system, one needs three things:
1. Document collection.
2. A set of queries.
3. A set of relevance judgment for each query. (Usually a binary judgment as relevant and not
relevant)
In fact, a document is called relevant if it addresses the user’s information need. The eﬀectiveness
of some IR systems depends on the value of a number of parameters. Manning et, al [49] adds that
It is wrong to report results on a test collection which were obtained by tuning these
parameters to maximize performance on that collection.
4.1.1 Binary Relevance, Set-based Evaluation
Two basic measures in IR system is precision and recall. Precision (P) is a fraction of retrieved
documents that are relevant and Recall (R) is the fraction of relevant documents that are retrieved.
According to table 1 the precision and recall values are calculated as:
P = tp/(tp + fp) (1)
R = tp/(tp + fn) (2)
Another measure to evaluate an IR system is accuracy which is the fraction of its classiﬁcations
that are correct:
Accuracy = (tp + tn)/(tp + tn + fp + fn) (3)
In most of the cases the data is extremely skewed: normally over 99.9% of the documents not
relevant to the query [49]. Thus, trying to ﬁnd some relevant documents will result in a large
number of false positives.
A measure to make a trade oﬀ between precision and recall is the Fmeasure:
F =
1
α/P + (1 − p)/R
=
(β2 + 1)PR
β2P + R
,β2 =
1 − α
α
(4)
Values of β < 1 emphasize precision, while values of β > 1 have recall highly favored.
134.1.2 Evaluation of Ranked Retrieval
Measures mentioned in previous section are set-based measures, and use an unordered set of re-
trieved documents to evaluate the IR system. The ﬁrst approach to evaluate a ranked retrieval is
to draw the precision-recall plot. The precision-recall plot have a distinctive shape in which if the
(k+1)th document retrieved is nonrelevant then recall is the same as for the top k documents, but
precision has dropped. If it is relevant, then both precision and recall increase and the curve makes
a shift to the right.
Usually the interpolated precision (Pinterp) is plotted. Pinterp is the highest precision value of
the system at a certain recall level. For a recall value r:
Pinterp(r) = maxr0>rP(r0) (5)
The intuition behind this deﬁnition is that everybody would want to retrieve a few more documents
if it would increase precision. The 11-point interpolated average precision is a traditional approach
for this and was used in the ﬁrst 8 TREC Ad Hoc evaluations. The interpolated precision is
measured at the 11 recall levels between 0.0-1.0.
Another standard measure in TREC is Mean Average Precision (MAP) which reports a single
value for the eﬀectiveness of IR system. Average precision focuses on returning more relevant
documents earlier. It is the average of precisions computed after cutting the list after each of the
relevant documents retrieved in turn. The mean average precision is then the mean value of the
average precisions computed for each of the queries separately. If the set of relevant documents for
a query qj ∈ Q is {d1,···,dmj} and Rjk is the set of ranked results from the top result until the
document dk then
MAP(Q) =
1
|Q|
|Q| X
j=1
1
mj
mj X
k=1
Precision(Rjk) (6)
MAP is roughly the average area under the precision-recall curve for a set of queries.
Precision at k is a measure that ﬁnds the accuracy of an information retrieval system bashed
on the ﬁrst few pages of the results and does not require any estimate of the size of the set of
relevant documents. An alternative for this measure is R-Precision which requires having a set of
known relevant documents of size R. The precision is then calculated when the top R documents
returned.
4.1.3 Non-binary Relevance Evaluation
Normalized discounted cumulative gain (NDCG) [38] is an increasingly adopted measure and is
designed for situations of non-binary relevance and like precision at k, it is evaluated using k top
search results.
If R(j,d) is the relevance score the annotators gave to document d for query j then,
NDCG(Q,k) =
1
|Q|
|Q| X
j=1
Zk
k X
m=1
2R(j,m) − 1
log(1 + m)
(7)
Zk is a normalization factor calculated to ensure a perfect ranking’s NDCG at k is 1.
14judge 2 Relevance
Yes No Total
Judge 1 Yes 300 20 320
Relevance No 10 70 80
Total 310 90 400
Table 2: Example on κ statistics
4.2 Assessing Agreement, Kappa Statistics
Once we have the set of documents and the set of queries we need to collect relevance assessments.
This task is quite expensive in that judges should agree on the relevance of a document for each
given query. The Kappa statistics [19] is
κ =
Pr(A) − Pr(E)
1 − Pr(E)
(8)
where Pr(A) is the relative observed agreement among judges, and Pr(E) is the probability that
the judges agree by chance. The above formula is useful to calculate the kappa when there are only
two judges. In the cases when there are more than two relevance judgments for each query Fleiss’
kappa is calculated:
κ =
¯ P − ¯ Pe
1 − ¯ Pe
(9)
1− ¯ Pe is the maximum agreement that is reachable above chance, and, ¯ P − ¯ Pe gives the agreement
actually which is actually achieved above chance. A κ value of 1 means complete agreement while
it means disagreement when it is 0.
Krippendorﬀ [41] discusses that ﬁnding associations between two variables that both rely on
coding schemes with κ < 0.7 is often impossible, and that content analysis researchers generally
think of κ > 0.8 as good reliability with 0.67 < κ < 0.8 allowing provisional conclusions to be
drawn. Kappa is widely accepted in the ﬁeld of content analysis and is interpretable.
4.2.1 An Example
Table 2 shows an example from [49] on the judgments of two assessors.
P(A) = (300 + 70)/400 = 370/400 = 0.925
P(nonrelevant) = (80 + 90)/(400 + 400) = 170/800 = 0.2125
P(relevant) = (320 + 310)/(400 + 400) = 630/800 = 0.7878
P(E) = P(nonrelevant)2 + P(relevant)2 = 0.21252 + 0.78782 = 0.665
κ = (P(A) − P(E))/(1 − P(E)) = (0.925 − 0.665)/(1 − 0.665) = 0.776
4.3 Statistical testing of retrieval experiments
An evaluation study is not always complete without some measurement of the signiﬁcance of the
diﬀerences between retrieval methods. Hull [37] focuses on comparing two or more retrieval methods
using statistical signiﬁcance measures. The t-test compares the magnitude of diﬀerence between
15methods to the variation among the diﬀerences between the scores for each query which is analyzed.
If the average diﬀerence is large comparing its standard error, then the methods are signiﬁcantly
diﬀerent. The t-test assumes that the error follows a normal distribution. Two non parametric
alternatives to t-test are paired Wilcoxon signed-rank test and the sign test. Let Xi and Yi be the
scores of retrieval methods X and Y for query i, and let Di = θ+²i where ²i are independent. The
null hypothesis is θ = 0.
• Paired t-test
t =
¯ D
s(Di)/
√
n
• Paired Wilcoxon test
T =
P
Ri qP
R2
i
,Ri = sign(Di) × rank|Di|
• Sign Test
T =
2 ×
P
I[Di < 0] − n
√
n
where I[Di > 0] = 1 if Di > 0 and 0 otherwise.
165 Blog Analysis
5.1 Introduction
Nowadays weblogs, (aka. blogs) play an important role in social interactions. People who maintain
blogs and update them, so called bloggers, involve in a series of interactions and interconnections
with other people [12]. Each blog usually has a constant regular number of readers. These readers
might make links to that blog or comment its posts which is said to be a motive for future postings
[69].
Although, not until 1997, had the term blog been coined [2], today many people maintain
blogs of their own and update it regularly, writing their feelings, thoughts, and any other thing
they desire. The role of blogs as a social network is clear, and so, many research projects are
devoted to analyze relations in blogs, from political conclusions [2] to ﬁnding mutual awareness and
communities [45]. There are two reasons why blogs are systematically studied [42]:
1. Sociological reasons
the cultural diﬀerence between the blogspace and regular webpages is that blogspace focuses
heavily on local community interactions between a small number of bloggers. There is also a
sequence of responces when hot topics arise. This makes it necessary to see if this dynamics
can be explained and modeled.
2. Technical reasons
The blogspace provides the notion of timestamp for blog posts and comments which makes it
easier to analyze this space overtime. Analysis of the bursty evolution in blogs concentrates
on bursts in the evolution of blogspace.
5.2 Implicit Structure of Blogs
Blogs are wonderful to analyze to track “memes” as they are constantly used and have and un-
derlying structure. Blogs are signiﬁcantly used to record diaries and are easy to update, so make
the online document growth faster. In addition, the hyperlinks between bloggers form a network
structure in the blogspace which makes the blogspace a wonderful testbench to analyze information
dynamics in networks.
The microscopic patterns of blog epidemics are splitted up into implicit and explicit. Blog
epidemics studies try to address two questions:
• Do diﬀerent types of information have diﬀerent epidemic proﬁles?
• Do diﬀerent types of epidemic proﬁles group similar types of information?
General categories of information epidemics as well as introducing a tool to infer and visualize
the paths speciﬁc infections in the blog network are the main contributions of [3]. Microscale
dynamics of blogs is also studied in [3], where the authors specify two major factors to consider to
address epidemics in blogs: Timing and graph. A few problems are to be considered in this analysis.
First, The root is not always clearly identiﬁed. Second, there might be multiple possibilities for
infection of a single node. As an example assume, A,B,C are blogs. B links to A and C links to
both A,B. C might be infected either by B (After B is infected by A) or directly by A. Third,
there is uncrawled space and the whole blogspace structure is not known to the analyst. Explicit
17Figure 1: The results on the similarity of pairs in [3]
analysis is easy and can be done using the link structure. It is usually hard to analyze the implicit
structure of blogs though. This is known as the link inference problem. Possible ways are to use
machine learning algorithms such as support vector machines, or logistic regression. The full text
of blogs, blogs in common, links in common, and history of infection are used as available source
of information.
One experiment that Adar et, al [3] carry is to ﬁnd pairs that are infected and are linked, and
pairs that are infected but are unlinked. Although in general case the machine learning approach
for both experiments shows more than 90 percent accuracy in the classiﬁcation task, it doesn’t
work well in the speciﬁc case, in which for a given epidemic it connects all blogs.
Figure 1 is selected from [3] and shows the results on the distribution of similarity of pairs in
links to other blogs.
5.2.1 iRank
Adar et, al [3] conclude with a description of a new ranking algorithm, iRank, for blogs. iRank,
unlike traditional ranking algorithms, uses the implicit link structure to ﬁnd those blogs that initiate
the epidemics. It focuses on ﬁnding true information resources in a network. if n blogs are pointing
to one, and that one is pointing to another single information resource the latter might be the true
source of information. In the iRank algorithm ﬁrst, a weighted edge is drawn for every pair of blogs
that cite the same url, u:
Wu
ij = W(∆dij)
Weights are then normalized so outgoing weights sum to one, and at last a pagerank is performed
on the weighted graph.
5.3 Information Diﬀusion in Blogs
Dynamics of information in the blogosphere is studied in [36] and is the main focus of this section.
Over the past two decades there has been an increasing interest in observing information ﬂows as
18well as inﬂuencing and creating theses ﬂows. The information diﬀusion is characterized along two
dimensions:
• Topics
This includes identifying a set of postings that are about the same topic, and then character-
izing the diﬀerent patterns the set of postings may fall in. Topics, according to [36] are unions
of chatter and spikes. The former refers to the discussions whose subtopic ﬂow is determined
by authors’ decisions. The latter refers to short-term, high intensity discussions of real world
events.
• Individuals
The individual behavior in publishing online diaries diﬀers dramatically. [36] characterize the
four categories of individuals based on their typical posting behavior within life cycle of a
topic.
The corpus was collected by crawling the web of 11,804 RSS blog feeds. Gruhl et, al [36] collected
2K-10K blog postings per day for a total of 401,021 postings in their data set. Based on their
observations on manually analyzing 12K individual words highly ranked using tf-idf method, they
decompose topics along two axes: chatters (internally driven and sustained discussions) and spikes
(externally induced sharp rises in postings). Depending on the average chatter level topics can be
places into one of the following three categories:
1. Just Spike
2. Spiky Chatter (Topics that are signiﬁcantly chatter, but alongside, have high sensitivity to
external events)
3. Mostly Chatter
The model of “Topic = Chatter + Spikes” is further reﬁned to see if Spikes themselves are
decomposable. For each proper noun x they compute the support s (the number of times x co-
occurred with the target) and the reverse conﬁdence cr = P(target|x). To generate a rational term
set, thresholds for s and cr are used. For these terms they look at the co-occurrences and deﬁne
spikes as areas where the posts in a given day exceed a certain number.
The distribution of non-spike daily average is approximated by
Pr(avg # of posts per day > x) ≈ ce−x
This observation is also made that most spikes in the manually labeled chatter topics last about
510 days.
Table 3 shows the distribution of number of posts by user. The authors in [36] try to locate
users whose posts fall in the categories show in table 3. Each post on day i has a probability pi
that falls into a given category.
They gather all blog posts that contain a particular topic into a list
[(u1,t1),(u2,t2),···,(uk,tk)]
sorted by publication date of the blog, in which ui is the ID of the blog i, and ti is the ﬁrst time
at which blog ui contained the reference to the topic. The aim is then to induce the relevant edges
among a candidate set of θ(n2) edges.
19Predicate Algorithm Region % of Topics
RampUp All days in the ﬁrst 20% of post mass below mean ﬁrst 20% 3.7%
and average day during this period below µ − σ/2 of posts mass
Ramp-Down All days in the last 20% of post mass below mean last 20% 5.1%
and average day during this period below µ − σ/2 of posts mass
Mid-High All days during middle 25% of post mass above mean Middle 25% 9.4%
and average day during this period below µ − σ/2 of posts mass
Spike For some day, number of posts exceed µ − σ/2 From Spike
to infection point 18.2%
below µ both directions.
Table 3: Distribution of the number of posts by user
If a appears in the traversal sequence and b does not appear later in the same sequence, this
shows valuable information about (a,b). If b were a regular reader of a then, memes discussed by
a should sometimes appear in b.
The authors present an EM like algorithm to induce the parameter of the transmission graph,
in which they ﬁrst compute soft assignments of each new edge infection, and then update the edge
parameters to increase the likelihood of assigned infections. They estimate the copy probability κ,
and inverse mean propagation delay (r) as:
r =
P
j∈S1 pj
P
j∈S1 pjδj
and
κ =
P
j∈S1 pj
P
j∈S1∪S2 Pr(r 6 δj)
where Pr(a < b) = (1−a)(1−(a−1)b) the probability that a geometric distribution with parameter
a has value 6 b.
5.4 Bursty Evolution
The study of evolution of blogs is tightly coupled with the notion of a timed graph. There is a
clear diﬀerence between the community structures in the web and that of blogs. Blog communities
are usually formed as a result of a debate over time which leaves a number of hyperlinks in the
blogspace. Therefore, the community structure in blogs should be studied during short intervals,
as the heavy linkage in a short period of time is not signiﬁcant when analyzed over a long time
span.
5.4.1 Time Graphs
A time graph G = (V,E) consists of
1. A set V of nodes, with each node associated with a time interval D(v) (duration).
2. A set E of edges where each edge is deﬁned as a triple: e = (u,v,t) where u and v are nodes
and t is a point in the time interval D(u) ∩ D(v)
205.4.2 Method
The algorithm in [42] consists of two steps: pruning, and expansion. The pruning step is simply
done by ﬁrst removing nodes with degree zero and one, and then checking all nodes with degree
2, to see if their neighbors are connected and form triangles. In that case, they are passed to the
expansion procedure (i.e. growing the seed to a dense subgraph to ﬁnd a dense community.) and
the resulted expansion is reported as a community and is removed from the graph.
The results of studying the SCC evolution in blogs show that for each of the three largest strongly
connected components, at the beginning of the study, the number of blog pages is signiﬁcant but
there is no strongly connected component of more than a few nodes. Around the beginning of the
second year, a few components representing 1-2% of the nodes in the graph appear, and maintain
the same relative size for the next year. In the forth year, however, the size of the component
increases to over 20% by the present day. The giant component still appears to be expanding
rapidly, doubling in size approximately every three months.
Results in [42] also indicate that the number of nodes in the communities for randomized
blogspace is an order of magnitude smaller than for blogspace. This shows that the community
formation in blogspace is not a property of the growth of the graph. In addition, the SSC in
randomized blogspace grows much faster than in the original blogspace. This means that the
striking community in the blogspace is a result of the links which are in deed referenced to topicality.
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6.1 Introduction
One of the major diﬀerences between humans and other species is that human beings are capable
of adapting languages that are not shared by any other species. Human language allows the
construction of a virtually inﬁnite range of combinations from a limited set of basic units. We
are able to rapidly produce words to form sentences in a highly reliable fashion as the process of
sentence generation is very rapid. Generation and evolution of languages causes the creation of
new language entities.
In this chapter we look at the some previous work on lexical networks. A lexical network
refers to a complete weighted graph in which vertices represent linguistic entities, such as words
or documents, and edge weights show a relationship between two nodes. Three main classes of
lexical networks are word-based, sentence-based, and document-based networks. Word-based lexical
networks can be further divided into networks based on co-occurrence, syllabus, semantic networks,
and synthetic networks.
6.1.1 Small World of Human Languages
The small world property [72] of language networks has been analyzed before [67]. Ferrer Cancho
et, al [32] showed that the syntactic network of heads and their modiﬁers exhibits small-world
properties. The small-world property is also shown for the co-occurrence networks by [31]. A co-
occurrence network is a network of words as nodes and an edge appear between two nodes if they
appear in the same sentence. Many co-occurrences are due to syntactical relationships between
words or dependency relationships [53].
In this section we take a deeper look at the work by [31]. They set the maximum distance according
to assume a co-occurrence to be the minimum distance at which most of the co-occurrences are
likely to happen:
• Many co-occurrences take place at a distance of one.
• Many co-occurrences take place at a distance of two.
It is also shown before that co-occurrences happen at distances greater than two [22]. However, for
four reasons they decide to just consider maximum distance of two for a co-occurrence:
1. Unavailability of a system to perform the task of considering any distances greater than
two, and that all achievements in computational linguistics are based on consideration of a
maximum distance of two.
2. Method failure in capturing exact relationships at distances greater than two.
3. To make this as automatic as possible they stick with distance two and try to collect as many
links as possible.
4. long distance syntactic dependencies imply smaller syntactic links.
The authors consider the graph human language, ΩL, as deﬁned by ΩL(WL,EL), where WL = {wi},
(i = 1,···,NL) is the set of NL words and EL = {wi,wj} is the set of edges or connections between
22words. They call the biggest connected component of the networks that results from the basic and
improved methods,, respectively, the unrestricted word network (UWN) and the restricted word
network (RWN). They analyze the degree distribution for the unrestricted word network and the
restricted word network of about three quarters of the 107 words of the British National Corpus
(http://info.ox.ac.uk/bnc/). The authors further show that the degree increases as a function of
frequency, with exponent 0.80 for the ﬁrst and 0.66 for the second segment.
In summary, they show that the graph connecting words in language exhibits the same statistical
features as other complex networks. The observe short distances between words arising from the
small-world structure. They conclude that language evolution might have involved the selection of
a particular arrangement of connections between words.
6.2 Language Growth Model
In this section we summarized the work by Dorogovtsev and Mendes [27] which describes the
evolution of language networks. Human language can be described as a network of linked words.
In this network neighboring words in language sentences are connected by edges. Dorogovtsev and
Mendes [27] treat the language as a self-organizing network and in which nodes interact with each
other and the network grows. They describe a network growth with the following rules:
• At each time step, a new vertex (word) is added to the network.
• A new node at its birth, connects to several old nodes whose number is of the order of 1.
• For convention it is assumed that a new node only attaches to one node with the probability
proportional to its degree.
• At each time increment, t, ct edges emerge in the network between old words where c is
constant.
• New edges connect nodes with probability proportional to their degree.
In continues approximation, the degree of a vertex born at i and observed at t is described by
∂k(i,t)
∂t
= (1 + 2ct)
k(i,t)
R t
0 k(u,t)du
The total degree of the network at time t is
Z t
0
k(u,t)du = 2t + ct2
Solving for k(i,t) with the initial condition, k(t,t) = 1 results:
k(i,t) =
³ct
ci
´1/2³2 + ct
2 + ci
´3/2
The nonstationary degree distribution is then
P(k,t) =
1
ct
ci(2 + ci)
1 + 2ci
1
k
23This results in a power-law degree distribution with two diﬀerent regions, intersecting at
kcross ≈
√
ct(2 + ct)3/2
Below this point, the degree distribution is stationary:
P(k) ∼ = 1/2k−3/2
And above the cross point we they obtain:
P(k,t) ∼ = 1/4(ct)3k−3
which is a nonstationary degree distribution in this region
6.3 Complex Networks and Text Quality
6.3.1 Text Quality
The ﬁrst work at which we take a closer look is the text assessment method described by Antiqueria
et, al [6] who looked at the text assessment problem using the concept of complex networks. In their
work they model the text with a complex network, in which each of the N words is represented
as a node and each connection between words as a weighted edge between the respective nodes
representing those words. They also get use of a list of stop words to eliminate terms not associated
with concepts.
The deﬁne two measures, instrength and outstrength corresponding to weighted indegree and
outdegree respectively as
Kin(i) =
N X
j=1
W(j,i)
and
Kout(i) =
N X
j=1
W(i,j)
Antiqueria et, al [6] reach several conclusions:
1. The quality of the text tends to decrease with outdegree.
2. Quality is almost independent (increases only slightly) of the number of outdegrees for the
good-quality texts, while for the low-quality texts the quality increases with the number of
outdegrees.
3. The quality of the text decreases with the clustering coeﬃcient.
4. In low-quality texts there is much higher variability in the clustering coeﬃcients, which also
tend to be high.
5. Quality tends to increase with the size of the minimum path for all the three deﬁnitions of
path used in their work.
246.3.2 Summary Evaluation
A summary evaluation method based on complex networks in discussed in [62]. The ﬁrst step to
deﬁne a measure to evaluate summaries using complex network concepts is to represent summaries
as complex networks. In this representation terms of the summary are nodes in the network, and
each association is determined by a simple adjacency relation. There is an edge between every
adjacent words in the summary. The weight on edges show the number of times the two terms are
adjacent in the summary.
By modeling summaries as complex networks and by introducing a network metric, the authors
showed it possible to evaluate diﬀerent automatic summaries. Their measure is based on the number
of strongly connected components in the network. More formally, they deﬁne a deviation measure:
deviation =
PA
M=1 |f(M) − g(M)|/N
A
where f(M) is the function that determines the number of components for M words associations and
g(M) is the function that determines the linear variation of components for M words associations.
In this measure N is the number of diﬀerent words in the text and A is the total number of words
associations found. Their measure is evaluated by using it to evaluate three automatic summarizers:
GistSumm [61], GEI [60], and SuPor [56] against a manual summary.
6.4 Compositionality in Quantitative Semantics
The last article that we review in this chapter is on compositionality in quantitative semantics
by [52]. They introduce a principle of latent compositionality into quantitative semantics. They
implement a Hierarchical Constraint Satisfaction Problem (HCSP) as the fundamental text rep-
resentation model. This implementation utilizes an extended model of semantic spaces which is
sensitive to text structure and thus leaves behind the bag-of-feature approach. A simple example
shows the diﬀerent models’ behavior in interpreting a sentence
All sculptures are restored. Only the lions stay in the garden.
• Vector Space (VS)
The representation of this text in the vector space model is a bag of words in which stop
words are ﬁltered out. Important words (garden, lion, restore, sculpture, stay) are used to
build a vector of weighted terms to represent the sentence in the model.
• Latent Semantic Analysis (LSA)
LSA extends the previous approach. Unlike the VS model, it does not refer to a weighted bag
of words, but utilizes factor analytic representations. In this model, the sample is represented
by the strongest factors in locating the representations of the input words garden, lion, restore,
sculpture, stay within the semantic space. Therefore, this can be assumed of a bag of feature-
vector representation but it still ignores the structure of the text.
• Fuzzy Linguistics (FL)
FL derives a representation of text based on its integration hierarchy. This model expects the
text as a whole suggest words like sculptural art, park, collection, but not veldt, elephant, or
zoo. This analysis assumes the present order of sentences. It does not allow reinterpreting
25lion if the order of the sentences is reversed. Moreover, the example presupposes that all
coherence relations as well as the integration hierarchy have been identiﬁed before.
The major contribution of [52] is, however, a formalization of the principle of compositionality in
terms of semantic spaces. In particular, they try to ﬁll the gap of the missing linguistic inter-
pretability of statistical meaning representations.
267 Text Summarization
This chapter covers some of the previous salient works on text summarization.
7.1 LexRank
Lexrank is an stochastic graph based method to determine the lexical centrality of documents
within a cluster, and is introduced in [30]. The network on which lexrank is applied is a complete
weighted network of linguistic entities. These entities can be sentences, or documents. In its
special application for summarization, lexrank is used to ﬁnd the centrality of sentences within a
text document.
To form the network, Lexrank utilizes the tf-idf term vector and the so called “bag of words”
representation. This enables Lexrank to use the cosine similarity of documents as weight edges to
build the entire network. The cosine similarity of two document vectors is calculated as
Sim(
− →
di,
− →
dj) =
− →
di ·
− →
dj
|di||dj|
In this representation of documents,
− →
di = (w1i,w2i,···,wV i), where V is the size of the vocabulary
and
wji = tfji · idfj
tfji is the normalized term frequency of term j in document i and idfj is the inverse document
frequency of the term j.
The centrality of a node u in this network is related to its neighbors’ centralities and is calculated
as:
p(u) =
d
N
+ (1 − d)
X
v∈adj[u]
Sim(u,v)
P
z∈adj[v] Sim(z,v)
p(v)
d in this equation is the damping factor to ensure convergence of the values.
Lexrank is evaluated using 30 documents of DUC 2003 and 50 documents of 2004 using ROUGE1
evaluation system.
7.2 Summarization of Medical Documents
In this section we review the work in [4] whose main aim is to survey the recent work in medical
documents summarization. One of the major problems with the the medical domain is that it
suﬀers particularly from information overload. This is important to deal with as it is necessary for
physicians to be able to quickly and eﬃciently access to up-to-date information according to their
particular needs. The need for an automatic summarization system is more crucial in this ﬁeld as
a result of number and diversity of medical information sources. These summarizers help medical
researchers determine the main points of a document as quickly as possible.
A number of factors have to be taken into consideration while developing a summarization
system:
1http://www.isi.edu/ cyl/ROUGE
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One major factor is the type of the input to such system. Input can be Single Document or
Multi Document. Additionally input language should be taken into account, which results in
three diﬀerent type of summarizing systems: monolingual, multilingual, or cross-lingual. The
third input factor is type of the input, which can be anything from plain text to images and
sound.
• Purpose
These factors concern the possible uses of the summary, and the potential readers of the
summary. A summary can be indicative or informative. The former does not claim any role
of substituting the source documents, while the latter substitutes the original documents. In
another categorization of summaries, a summary can be generic versus user-oriented. Generic
systems create a summary of a document or a set of documents based on all the information
found in the documents. User-oriented systems create outputs that are relevant to a given
input query. From another perspective a summary can either be general purpose or domain-
speciﬁc.
• Output
Evaluation type of an automatic summarizing system determines its type of output. It can be
either qualitative or it can be quantitative. The last, yet major factor in creating a summary
is considering the relation that the summary has to the source document. A summary can
be an abstract, or an extract. Extracts include material (i.e., sentences, paragraphs, or even
phrases) from the source documents. An abstract, on the other hand, tries to identify the most
salient concepts in the source documents,then utilizes natural language processing techniques
to neatly present them. Generation.
7.3 Summarization Evaluation
The existing evaluation metrics can be split into two categories: intrinsic and extrinsic. An intrinsic
method evaluates the system summary independently of the purpose that the summary is supposed
to satisfy. An extrinsic evaluation, on the other hand, evaluates the produced summary in terms of
a speciﬁc task. The quality measures which are used by the intrinsic methos can be the integrity
of its sentences, the existence of anaphors, the summary readability, the ﬁdelity of the summary
compared to the source documents. Gold summary is another way of doing an intrinsic evaluation.
Gold summaries are human-made summaries that are ideal and can be used to compare to system
summaries. However, it is usually hard to make annotators agree on what constitutes a “gold”
summary.
Tables 4, 5 summarize some of the extractive and abstractive methods of text summarization
respectively.
7.4 MMR
In this section we reviewed the MMR method which is a re-ranking algorithm based on diversity
which is used to produce summaries. Conventional IR methods maximize the relevance of the
retrieved documents to the query. This is, however, tricky when there are many potentially relevant
documents with partial information overlap. Maximal Marginal Relevance (MMR) is a user-tunable
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30method and a re-ranking method with a functionality to drill down on a narrow topic or retrieving
a large range of relevance bearing documents.
The criterion considered in MMR is the relevant novelty. The ﬁrst way to do this is to measure
novelty and relevance independently, and then using a linear combination of two metrics provide
a novelty-relevance measure. This linear combination is called the Marginal Relevance. So a
document will have a high marginal relevance if it is both relevant and has the minimum information
overlap with the previously selected documents.
MMR = argmaxDi∈R\S[λ(Sim1(Di,Q) − (1 − λ)maxDj∈SSim2(Di,Dj))]
with Q begin the query. This can be speciﬁcally used in summarization. In that case, the top
highly ranked passages of a document can be chosen to be included in the summary. This sum-
marization is shown to work better for longer documents (which contain more passage redundancy
across document sections [18]. MMR is also extremely useful in extracting passages from multiple
documents that are about the same topics.
318 Graph Mincuts
This chapter reviews some of the previous salient works on graph mincut utilization for solving
machine learning related problems.
8.1 Semi-supervised Learning
The major issue in all learning algorithms is the lack of suﬃcient labeled data. Learning methods
are usually used in classifying text, web pages, and images, and they need suﬃcient annotated
corpora. Unlike labeled data, whose creation is quite tedious, unlabeled data is quite easy to
gather. For example, in a classiﬁcation problem, one can easily access a large number of unlabeled
text documents, but the number of manually labeled data can hardly exceed a few. This causes a
great interest in semi-supervised methods.
The ﬁrst paper that we review in this work uses graph mincuts to classify data points using both
labeled and unlabeled data. This work utilizes the idea of graph mincuts [15]. Given a combination
of labeled and unlabeled datasets, Blum and Chawla [15] construct a graph of the examples such
that the minimum cut on the graph yields an “optimal” binary labeling data according to some
predeﬁned optimization function.
In particular, the goal in [15] is to
1. Find the global optimum which is better than a local optimum regarding the objective mini-
mization function.
2. Utilize this method to reach a signiﬁcant diﬀerence in terms of prediction accuracy.
Blum and Chawla [15] also make an assumption that the unlabeled data comes under the same
distribution that the labeled data does. The classiﬁcation algorithm described in [15] has ﬁve steps:
1. Construct a weighted graph G = (V,E) where V is the set of all data points as well as a sink
v− and a source v+. The sink and the source are classiﬁcation nodes.
2. Connect classiﬁcation nodes to those labeled examples that have the same label with edges
having inﬁnite weights. That is, for all v ∈ + add e(v+,v) = ∞ and for all v ∈ −, add
e(v+,v) = ∞.
3. Weights between example vertices are assigned using a similarity/distance function.
4. Determine the min-cut of the graph. This means to ﬁnd a minimum total weight set of edges
whose removal discounts v+ from v−. The removal of edges on the cut will make a graph be
split into two parts: V+ and V−.
5. Assign positive labels to all nodes in V+ and negative labels to all nodes in V−.
8.1.1 Why This Works
The correctness of this algorithm is dependent on the choice of the weight function. For a certain
learning algorithm, we can deﬁne edge weights so that the mincut algorithm produces a labeling
which minimizes the leave one out cross validation error when applied to entire U ∪L. Additionally,
for certain learning algorithms, we can also deﬁne the edge weights so that the mincut algorithm’s
32labeling results in a zero leave one out cross validation error in L. This is correct according to the
following discussions: (See [15] for proof)
If we deﬁne edge weights between examples in a way that for each pair of nodes x, y,
we have nnxy = 1 if y is the nearest neighbor of x, and nnxy = 0 otherwise, and
also deﬁne w(x,y) = nnxy + nnyx, then for any binary labeling of x, the cost of
associated cut is equal to the number of leave-one-out cross validation mistakes
made by 1-nearest neighbor on L ∪ U.
Given a locally weighted averaging algorithm, we can deﬁne edge weights so that the
minimum cut yields a labeling that minimizes the L1-norm leave one out cross
validation error.
Let w be the weight function used for the symmetric weighted nearest neighbor algo-
rithm, then if the same function is used for ﬁnding the graph mincut, the classi-
ﬁcation resulted by this method has a zero leave one out cross validation error in
U.
Suppose the data is generated at random in the set of k (²,δ/4)-round regions, such
that the distance between any two regions is at least δ an the classiﬁcation only
depends on the region to which a point belongs to. If the weighting function is
w(x,y) = 1 if d(x,y) < δ and w(x,y) = 0 otherwise, then O((k/²)logk labeled
examples and O((1/Vδ/4)log(1/Vδ/8) unlabeled examples are suﬃcient to classify a
1 − O(²) fraction of an unlabeled examples correctly.
Blum and Chawla [15] show the eﬃciency of their method, using standard data as well as
synthetic corpora they also show that this method is robust to noise.
8.2 Randomized Mincuts
The method of randomized mincuts extends the mincut approach by adding some sort of random-
ness to the graph structure, with some preliminary assumptions. Blum et, al [16] assume that
similar examples have similar labels. So a natural approach to use unlabeled data is to combine
nearest-neighbor prediction. In other words, as an example, similar unlabeled data should be put
into same classes.
The mincut approach for classiﬁcation has several properties. First, it can be easily found
in polynomial time using network ﬂow. Second, it can be viewed as giving the most probable
conﬁguration of labels in the associated Markov random ﬁeld. However, this method has some
shortcomings. Consider, as an example, a line of n vertices between two points s,t. This graph has
n − 1 cuts of size 1 and the cut at the very left will be quite unbalanced.
The method described in [16] proposes a simple method or addressing a number of these drawbacks
using a randomization approach. Speciﬁcally, the method repeatedly adds random noise to the edge
weights. Then it solves the mincut for the graph and outputs a fractional label for each example.
In this section we take a closer look at this method described in [16].
A natural energy function to consider is
E(f) =
1
2
X
i,j
wij|f(i) − f(j)| =
1
4
X
i,j
wij(f(i) − (f(j))2
33where the partition function Z normalizes over all labeling. Solving for the lowest energy con-
ﬁguration in this Markov random ﬁeld produces a partition of the whole dataset and maximizes
self-consistency. The randomized mincut procedure is as follows:
Given a graph G constructed from the dataset, produce a collection of cuts by repeatedly adding
random noise to the edge weights and then solve the mincut in the resulted graph. Finally remove
cuts which are highly unbalanced. Blum et, al [16] show that we only need O(klogn) labeled
examples to be conﬁdent in a consistent of k edges.
8.2.1 Graph Construction
For a given distance metric, we can construct a graph in various ways. The graph should be either
connected or a small number of connected components cover all examples. If t components are
needed to cover a 1 − ² fraction of the points, the graph based method will then need at least
t examples to perform well. Blum et, al [16] construct the graph by simply making a minimum
spanning tree on the entire dataset. Their experimental setup is to analyze three datasets: hand-
written digits, newsgroups, and the UCI dataset. The results from these experiments suggest the
applicability of the randomized mincut algorithm to various settings.
8.3 Sentiment Analysis
The analysis of diﬀerent opinions and subjectivity has received a great amount of attention lately
because of its various applications. Pang and Lee [59] discuss a new approach in sentiment analysis
using graph mincuts. Previous approaches focused on selecting lexical features, and classiﬁed
sentences based on some such features. Conversely, the method in [59] (1) labels the sentences in
the document as either subjective or objective and then (2) applies a standard machine learning
classiﬁer to make an extract.
Document polarity can be considered as a special case of text classiﬁcation with sentiment
rather than topic based categories. Therefore, one can apply standard machine learning techniques
to this problem. The pipeline in extracting the sentiments is like the following process:
n-sentence Review → subjectivity tagging → m-sentence extraction → positive/negative
The cut based classiﬁcation utilizes two weight functions: indj(x), and assoc(x,y). The deﬁnition
of these functions will be discussed later in this chapter. Here, indj(x) shows the closeness of data
point x to class j and the association function shows the similarity of two data points to each other.
The mincut minimizes
X
x∈C1
ind2(x) +
X
x∈C2
ind2(x) +
X
xi∈C1,xk∈C2
assoc(xi,xk)
It should be noted that every cut corresponds to a partition of items that has a cost equal to the
partition cost, and the mincut minimizes this cost. The set individual scores ind1(x) to PrNB
sub (x),
and ind2(x) to 1 − PrNB
sub (x), where PrNB
sub (x) is Naive Bayes’ estimate of the probability that
sentence x is subjective (Weights of SVM can also be used). The degree of proximity is used as the
association score of two nodes.
assoc(xi,xj) =
½
f(j − i) · c if j − i 6 T
0 otherwise
34f(d) speciﬁes how the inﬂuence of proximal sentences decays with respect to distance d. Pang
and Lee [59] use f(d) = 1, e1−d, and 1/d2. They show that the for Naive Bayes polarity classiﬁer,
the subjectivity extracts are shown to be more eﬀective input than the original documents. They
also conclude that employing the minimum cut framework may result in an eﬃcient algorithm for
sentiment analysis.
8.4 Energy Minimization
The last work that we took a look at is a method of fast approximation for energy minimization
using mincuts, described in [17].
The motivation in this work comes from Computer Vision. As mentioned before, these problems
can be naturally formulated in terms of energy minimization. This formulation means that one
aims to ﬁnd a labeling function f that minimizes the energy
E(f) = Esmooth(f) + Edata(f)
in which Esmooth is a functions that measures the extent to which f is not smooth, and Edata shows
the disagreement between f and observed data. Here Edata can be
Edata(f) =
X
pinP
(fp − Ip)2
with Ip being the observed intensity of p. The main problems in dealing with minimization problems
is the large computational costs. Normally, these minimization functions have several local minima
and ﬁnding the global minimum is a diﬃcult problem, as the space of possible labeling has a big
dimension, |P| and can be up to many thousands. The energy function can also be considered as
E(f) =
X
{p,q}∈N
Vp,q(fp,fq) +
X
p∈P
Dp(fp)
where N is set of interacting pairs of pixels (typically, adjacent pixels).
The method described in [17] generates a local minimum with respect to two types of very large
moves α − expansion and α − β − swap.
8.4.1 Moves
A labeling f can be represented by a partition of image pixels P = {Pl|l ∈ L}, and Pl = {p ∈
P|fp = l} is the subset of pixels labeled l. Given a pair of labels α,β, a move from partition P to a
new partition P0 is called a α−β−swap if Pl = P0
l for any label l 6= α,β. The α−β−swap means
that the only diﬀerence between P and P0 is that some pixels labeled α in P are now labeled β in
P0 and some pixels labeled β in P are now labeled α in P0.
A move from partition P to a new partition P0 is called α−expansion for a label α if Pα ⊂ P0
α
and P0
l ⊂ Pl for any label l 6= α. This moves allows a set of image pixels to change their labels to
α.
Two moves are described in the following:
35α − β − swap:
1. Start with an arbitrary labeling f.
2. Set Success = 0.
3. For each pair of labels {α,β} ∈ L
Find ˆ f = arg min E(f0) among f0 within one α − β − swap.
If E( ˆ f) < E(f), set f = ˆ f and Success = 1
4. If Success = 1 goto 2.
5. Return f
expansion
1. Start with an arbitrary labeling f.
2. Set Success = 0.
3. For each label α ∈ L
Find ˆ f = arg min E(f0) among f0 within one α − expansion of f.
If E( ˆ f) < E(f), set f = ˆ f and Success = 1
4. If Success = 1 goto 2.
5. Return f
Now given an input labeling f and a pair of labels, α,β they ﬁnd a labeling ˆ f that minimizes
E over all labelings within one α − β − swap of f. Also, they ﬁnd a labeling ˆ f that minimizes E
over all labelings within one α − expansion of f given an input labeling f, and a label α. They
do this part using graph mincuts. They further prove that, a local minimum ˆ f, when expansion
moves are allowed, and f∗ as the global minimum, satisﬁes
E( ˆ f) 6 2cE(f∗)
To evaluate their method, they present the results of experiments on visual correspondence for
stereo, motion, and image restoration.. In image restoration they try to restore the original image
from a noisy and aﬀected image. In this example, labels are all possible colors.
369 Graph Learning I
In this chapter and the next, we review some prior learning techniques which use the graph setting
as the framework. We look at an application on text summarization, the problem of best outbreak
in blog networks and those of sensor placement, the problem of web projection, and the co-clustering
technique.
9.1 Summarization
The ﬁrst section of this chapter describes a summarization method based on the approach in [75].
Zha [75] describes text summarization whose goal is to take a textual document, extract appropriate
content, and present the most important facts of the text to the user, which matches the users’
need.
Zha [75] adopts an unsupervised approach, and explicitly model both keyphrase and sentences that
contain them, using the concept of bipartite graphs. For each document, they generate two sets
of objects: the set of terms T = {t1,t2,···,tn} and the set of sentences S = {s1,s2,···,sm}. A
bipartite graph is then constructed using these two sets from T to S, in a way that there is an edge
between ti and sj if ti appears in sj. The weight of the edge is a nonnegative value, and can be set
proportional to the number of times ti appears in sj.
The major principle in this paper is the following:
A term should have a high salience score if it appears in many sentences with high
salience scores, while a sentence should have a high salience score if it contains many
terms with high salience scores.
More formally,
u(ti) ∝
X
v(sj)∼u(ti)
wijv(sj)
v(sj) ∝
X
u(ti)∼v(sj)
wiju(ti)
where a ∼ b shows the existence of an edge between a,b. The matrix form of these equations
will be
u =
1
σ
Wv
v =
1
σ
WTu
It is then clear that u,v are the left and right singular vectors of W corresponding the singular
value σ and that, if σ is the largest singular value of W, then both u and v have nonnegative
components. For numerical computation of the largest singular value triple {u,σ,v}, Zha [75] uses
a variation of the power method. Speciﬁcally, the author chooses an initial value for v to be the
vector of all ones. The following equations are then performed until convergence is achieved.
1. u = Wv,u = u/kuk
372. v = WTu,v = v/kvk
Zha [75] uses this salience score to identify salient sentences within topics. For this purpose they
use clustering. For sentence clustering, they build an undirected weighted graph with sentences as
nodes, and edges representing the fact that two nodes (sentences) are sharing a term. The weight
wij is considered to be as sparse as WTW.
Two sentences si and sj are said to be near-by if one follows the other in the linear order of the
document. Then, set
ˆ wij =
½
wij + α if si and sj are nearby
wij otherwise
For a ﬁxed α they then apply the spectral clustering technique to obtain a set of sentence
clusters Π∗(α). Thus, the problem is reduced to minimizing a clustering cost function deﬁned as
GCV (α) = (n − k − J(W,Π∗(α)))/γ(Π∗(α))
where k is the number of desired sentence clusters, W is the weight matrix for term-sentence
bipartite graph and Π∗(α) is the set of clusters obtained by applying the spectral clustering to the
modiﬁed weight matrix W(α). Also
J(W,Π) =
k X
i=1
ni X
s=1
||w(i)
s − mi||2
and,
mi =
ni X
s=1
w(i)
s /ni
They then use the traditional K-means algorithm iteratively and in each iteration do the following
steps:
1. For each sentence vector w, ﬁnd the center mi that is closest to w, and associate w with this
cluster
2. Compute the new set of centers by taking the center of mass of sentence vectors associated
with that center.
This way they ﬁnd the local minimum of J(W,Π) with respect to Π. They then use sum-of-squares
formulation as a matrix trace maximization with special constraints, relaxing which, leads to a
trace maximization problem that possesses optimal global solution. Formally, let
mi = Wie/ni
and
X = diag(e/
√
n1,···,e/
√
nk)
The sum of squares function can be written as
J(W,Π) = trace(WTW) − trace(XTWTWX)
38so minimizing the above, means to maximize
max
XTX=Ik
trace(XTWTWX)
Their summarization algorithm is summarized as
1. Compute k eigenvectors Vk = [v1,···vk] of Ws(α), corresponding to k largest eigenvalues.
2. Compute the pivoted QR decomposition of V T
k as
(Vk)TP = QR = Q[R11,R12]
Q is a k-by-k orthogonal matrix, R11 is a k-by-k upper triangular matrix, and P is a permu-
tation matrix.
3. Compute
ˆ R = R−1
11 [R11,R12]PT = [Ik,R−1
11 R12]PT
The cluster assignment of each sentence will then be determined by the row index of the
largest element in absolute value of the corresponding column of ˆ R.
9.2 Cost-eﬀective Outbreak
The problem of outbreak in the networks is to ﬁnd the most eﬀective way to select a set of nodes
to detect a spreading process in the network. Solving this problem is receiving interest as under
this setting many real-world problems can be modeled. A solution to this problem is suggested in
[44], where they also apply their solution to city water pipe networks and blog networks.
In the former we have a limited budget to put some sensors at some nodes in the network so
that water contaminants can be detected as quickly as possible. The latter focuses on the problem
of information spread in blogspace, and the user tries to read a particular number of posts to get
the most up-to-date information about a story which is propagating in the network.
More formally, in both problems, we seek to select a subset A of nodes in a graph G = (V,E)
which detect outbreak quickly. The outbreak starts at some node and spreads through edges.
Associated with each edge there is a time that it takes for the contaminant to reach the target
node. Depending on every node we select to put sensors, we achieve a certain placement score,
which is a set function R, mapping every placement A to a real number R(A)
There is also a cost function c(A) associated with each placement, and we expect the entire cost
of the sensor placement does not exceed our budget, B. Sensors placed in the network can be of
diﬀerent types, and quality, resulting in variety of costs. Let c(s) show the cost of buying a sensor
s. then, the cost of the placement is A : c(A) =
P
s∈A c(s). The problem is then to maximize the
reward subject to the fact that cost is minimized. This can be formulated as follows:
max
A∈V
R(A) subject to c(A) 6 B
Depending on the time t = T(i,s) at which we detect the outbreak in a scenario i, we incur a
penalty πi(t). which is a function depending on the scenario. The goal is then to minimize the
expected penalty over all possible scenarios:
π(A) ≡
X
P(i)πi(T(i,A))
39where, for a placement A ⊂ V , T(i,A) is minimum among all T(i,s) for s ∈ A. T(i,A) is the time
until event i is detected by a sensors in A ﬁrst. P is the probability distribution over the events
and we assume it is given beforehand.
An alternative formulation for the problem is to deﬁne a penalty reduction function which is
speciﬁc for every scenario, Ri(A) = π(∞) − π(A) and
R(A) =
X
i
P(i)Ri(A) = π(∅) − π(A)
The penalty function has several important properties: Firstly, R(∅) = 0. Secondly, R is
nondecreasing. That means, for A ⊂ B, R(A) 6 R(B). Thirdly, if we add a sensor to a small
placement A, we improve the score at least as much as the time we add that sensor to a larger
placement B ⊇ A. This property for a set function is called sub-modularity. Leskovec et, al [44]
show that, for all placements A ⊆ B ⊆ V and sensors s ∈ V \B, the following is true,
R(A ∪ {s}) − R(A) > R(B ∪ {s}) − R(B)
Maximizing sub-modular functions is NP-hard in its general form. They develop the (cost-eﬀective
lazy forward selection) CELF algorithm which exploits sub-modularity to ﬁnd near-optimal solution
and works well in the case where costs are not constants, in which greedy algorithm badly fails.
Their algorithm is guaranteed to achieve at least a fraction of 1
2(1 − 1/e) of the optimal solution
even in the case where every node can have a diﬀerent cost. As far as running time is concerned,
the CELF algorithm runs 700 times as fast as the standard greedy algorithm.
9.2.1 Web Projections
Information retrieval methods usually make an assumption that documents are independent. How-
ever, an eﬀective web search is not achievable unless the hyperlink relations between web pages
are taken into consideration. Web projection concentrates on the creation and use of graphical
properties of the web subgraph [43]. Web projection graph is a subgraph of the larger web graph
projected using a seed set of documents retrieved as the result of a query. Leskovec et. al, [43]
try to investigate how query search results project onto the web graph, how search result quality
can be determined using properties of the projection graph, and if we can estimate the behavior of
users with query reformulation given the projection graph.
They start with a query and collect the initial seed data using a search engine. Leskovec et, al
[43] then project the retrieved documents on the web graph. Projecting these documents on the web
graph results in an induced subgraph named query projection graph. A Query connection graph is
then created by adding intermediate nodes to make the query projection graph connected. These
connecting nodes are actually not part of the search results. Using these two graphs (i.e., query
projection graph and query connection graph) they construct features to describe the topological
properties of the graphs. These features are used in machine learning techniques to build predictive
models.
Overall, they extract 55 features that best describe the topological properties of two graphs.
These 55 features are grouped into four categories:
• Query projection graph features, which are to measure aspects of the connectivity of query
projection graph.
40• Query connection graph features, which are to measure aspects of the connectivity of query
connection graph. These are useful in capturing relations between projection nodes and
connection nodes.
• Combination features, which are composition of features from other groups.
• Query features that represent the non-graphical properties of the result set. This feature is
calculated using the query text and the returned list of documents relevant to the query.
To do the projection their data contains 22 million web pages from a crawl of the web. The
largest connected component is said to have 21 million nodes, while the second largest connected
component contains merely several hundred nodes. The problem which is addressed in [43] is to
project the results of a query on the web graph and extract attributes described above. This can
then be used to learn a model that predicts a query’s class. They also learn models to predict user
behavior when reformulating queries.
9.3 Co-clustering
The basic idea of clustering is to extract unique content bearing words given a set of text documents.
If these words are treated as features, then documents can be represented as a vector of these
features. A possible representation for such e setting is a word-by-document matrix, in which a
non-zero entry indicates the existence of a particular word (row) in a document (represented by
column). Words can be clustered on the basis of the documents they appear in. This clustering
assumes that the more two terms have co-occurrences in documents, the closer they are. This type
of clustering can be useful in building statistical thesaurus and query reformulation. The problem
of simultaneously clustering words and documents is discussed in [26].
The primary assumption in [26] is that word clustering has inﬂuence on document clustering, and
so does document clustering on word clustering. A given word wi belongs to the word cluster Wm
if its association with the document cluster Dm is greater than its association with other document
clusters. A natural measure of association of a word with a document cluster is considered to be
the sum of edge weights to all documents in the cluster [26].
Wm = {wi :
X
j∈Dm
Aij >
X
j∈Dl
Aij},∀l = 1,···,k
This means that each word cluster is determined by the document cluster. Similarly, each document
cluster is determined by a word cluster:
Dm = {wi :
X
j∈Wm
Aij >
X
j∈Wl
Aij},∀l = 1,···,k
According to Dhillon, the best word and document clustering would correspond to a minimum
k-partitioning of the document-word bipartite graph. This clustering is performed using a spectral
algorithm, and they show it works well by their experimental results on the Medline (1300 medical
abstracts) and Cranﬁeld (1400 aeronautical systems abstracts) corpora.
4110 Graph Learning II
In this chapter we continue our review on some of the learning techniques that utilize graphs as
their underlying framework.
10.1 Dimensionality Reduction
In the areas of artiﬁcial intelligence, and information retrieval, researchers usually encounter prob-
lems where they have to deal with high dimensional data which is naturally coming from a smaller
number of dimensions. This data is actually low dimensional but is lying on a higher dimension
space. The problem of dimensionality reduction focuses on representing high dimensional data into
a lower dimension space. To do so Belkin and Niyogi [11] propose an algorithm that has several
properties. First, their algorithm is quite simple, with few local computations. Second, the authors
use the Laplace Beltrami operator in their algorithm. Third, their algorithm performs the dimen-
sionality reduction in a geometric fashion. Forth, the use of Laplacian eigenmaps causes locality
preserving which makes the algorithm insensitive against noise and outliers.
The problem of dimensionality reduction can be formulated as follows:
Given k points x1,···,xk in Rl, ﬁnd a set of k points y1,···,yk in Rm such that, m << l, and yi
represents xi. The algorithm described in [11] is summarized as follows:
1. In this step we should construct a graph by putting an edge between nodes i and j if xi and
xj are close. The proximity can whether be decided by using the Euclidian distance of nodes,
and applying a threshold, or can be set to 1 if both of the nodes are in the other’s k-nearest
neighbors.
2. In the second step, we try to weight the graph using a weight function. This weight function
can be a heath kernel:
Wij = e−
kxi−xjk2
t
or using a simpler approach. That is, set Wij = 1 if and only if i and j are connected.
3. Compute eigenvalues and eigenvectors for the generalized eigenvector problem:
Lf = λDf
Here D is diagonal weight matrix where Dii =
P
j Wji, and L = D − W is the Laplacian
matrix. If f0,···,fk−1 is the solution of the above equation, sorted by eigenvalues:
Lfi = λiDfi
and
0 = f0 6 λ1 6 ··· 6 λk−1
Then, leave out f0, the corresponding eigenvector for the eigenvalue 0, and use the next m
eigenvectors to embed the data in a m-dimensional Euclidean space:
xi → (f1(i),···,fm(i))
The authors conduct experiments on a simple synthetic example of “swiss roll” as well as an
example from vision with vertical and horizontal bars in a visual ﬁeld. In both cases they use the
simpler weight function ( Wij ∈ {0,1} ) and show it works well for the evaluated datasets.
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In this section we focus on a semi-supervised learning method using harmonic functions described in
[74]. Semi-supervised learning has received great attention since labeled examples are too expensive
and time consuming to create. Building a large labeled dataset requires a large eﬀort of skilled
human annotators.
The work in [74] adopts Gaussian ﬁelds over a continuous state space rather than random ﬁelds
over discrete label set. The authors assume the solution is solely based on the structure of the data
manifold. The framework of the solution is as follows:
Suppose (x1,y1),···,(xl,yl) are labeled, and (x1+1,y1+1),···,(xl+u,yl+u) are unlabeled data points,
where l << u, and n = l+u. Construct a connected graph of the data points with a weight function
W:
wij = exp(−
m X
d=1
(xid − xjd)2
σ2
d
)
where xid i the dTh component of instance xi represented as a vector xi inRm, and σi are length
scale hyperparameters for each dimension. They ﬁrst compute a function f on the graph and then
assign labels based on that function. To assign probability distribution of functions f, they form
the Gaussian ﬁeld
pβ(f) =
e−βE(f)
Zβ
where β is an inverse temperature parameter, Zβ is the partition function, and E(f) is the quadratic
energy function:
E(f) =
1
2
X
i,j
wij(f(i) − f(j))2
Zhu et, al [74] show that the minimum energy function is harmonic
f = argminf|L=fiE(f)
The harmonic threshold is used to determine the class labels using the weight function. That is,
assign 1 if f > 1/2 and assign 0 otherwise.
Further, they describe how to use external classiﬁers, classiﬁers that are trained separately on
labeled data point and are at hand. To combine the external classiﬁer with harmonic function, for
each unlabeled node i they create a dongle node with the label given by the external classiﬁer, and
assign the transition probability from i to its dongle to η, and discount all other transitions from i
by 1 − η. Then they perform the harmonic minimization on this augmented graph.
10.3 Diﬀusion Kernels
This section covers a feature extraction method described in [71]. This article uses a graph of genes,
where two genes are linked whenever they catalyze two successive reactions to see if having the
knowledge represented by this graph, can help improve the performance of gene function prediction.
The formulation of the problem is as follows:
The discrete set X represents the set of genes, and |X| = n. Then the set of expression proﬁle
is a mapping e : X → Rp with p being the number of measurements. In this setting, e(x) is the
expression proﬁle of gene x. The goal is to use this graph to extract features from the expression
proﬁles.
43Let F be the set of features. Each feature is simply a mapping on the set of genes to a real
number, f : X → R. The normalized variance of a linear feature is deﬁned by:
∀fe,v ∈ G,V (fe,v) =
P
x∈X fe,v(x)2
kvk2
Linear features with a large normalized variance are called relevant. These can be extracted using
principle component analysis techniques. Additionally, if a feature varies slowly between adjacent
nodes in the graph, it is called smooth as opposed to rugged. A “good” feature is both smooth and
relevant.
If we can deﬁne two functions. h1 : F → R+, and h2 : G → R+ for smoothness and relevance
respectively, then the problem is regularized as the following optimization problem:
max
(f1,f2)∈F0×G
f0
1f2 p
f0
1f1 + δh1(f1)
p
f0
2f2 + δh2(f2)
Here δ is a parameter to control the trade-oﬀ between smoothness and relevance. The method in
[71] uses the energy at high frequency by computing the Fourier transform to specify a smoothness
function of a feature on a graph. Let’s assume L is the Laplacian of the graph, and 0 = λ1 6 ··· 6 λn
are its eigenvalues, and {φi} is the orthonormal set of corresponding eigenvectors. The Fourier
decomposition of any feature f ∈ F is
f =
n X
i=1
ˆ fiφi
where ˆ fi = φ0
i. The smoothness function for a feature f ∈ F is calculated as
kfk2
Kζ =
n X
i=1
ˆ f2
i
ζ(λi)
where ζ is a monotonic decreasing mapping, and Kζ : X2 → R is deﬁned by
Kζ(x,y) =
n X
i=1
ζ(λi)φi(x)φi(y)
the matrix Kζ is positive deﬁnite as the mapping ζ only takes positive values. as i increases, λi
increases, so ζ(λi) decreases. Subsequently, the above norm has higher a value on a feature with
a lot of energy at high frequency, so can be considered as a smoothing function. The exponential
function is a good example of ζ.
The relevance of a feature is also deﬁned in [71] as
h2(fe,v) = kfe,vkH
where H is the reproducible kernel Hilbert space (RKHS) associated with the linear kernel K(x,y) =
e(x)0e(y).
4410.3.1 Reformulation
If K1 = exp(−τL) is the diﬀusion kernel, and K2(x,y) = e(x)0e(y) is the linear kernel, taking
h1(f) = kfkH1 and h2(f) = kfkH2 the problem can be expressed in its dual form as
max
(α,β)∈F2 γ(α,β) =
α0K1K2β
(α0(K2
1 + δK1)α)1/2(β0(K2
2 + δK2)β)1/2
The above formulation is a generalization of the canonical correlation analysis known as kernel-CCA
which is discussed in [7].
Results reported by the article are encouraging. The performance is shown to be above 80%
for some classes, and this method seems successful on some classes which can not be learned using
SVM.
4511 Sentiment Analysis I
11.1 Introduction
The proceeding two sections give reviews of some papers on sentiment and opinion analysis. Re-
searchers have been investigating the problem of automatic text categorization and sentiment anal-
ysis for the past two decades. Sentiment analysis seeks to characterize opinionated natural language
text.
11.2 Unstructured Data
The emergence of Internet users, and content generating Internet applicants, have resulted in a great
increase in the amount of unstructured text on the Internet. Blogs, discussion groups, forums, and
similar pages are examples of such growing content. This makes the need for a sentiment analysis
technique that can handle the lack of text structure.
Most of the previous work on sentiment analysis assume the pairwise independence between
features used in classiﬁcation. Unlike them, the work in [9] tries to propose a machine learning
technique for learning predominant sentiments of on-line texts that captures dependencies among
words, and to ﬁnd a minimal, and suﬃcient set of vocabulary to do the categorization task. Xue
Bai, Rema Padman and Edoardo Airoldi [9] present a two-stage Markov Blanket Classiﬁer (MBC)
that learns conditional dependencies among the words and encodes them into a Markov Blanket
Directed Acyclic Graph (MB DAG) for the sentiment variable. The classiﬁer then uses a meta-
heuristic based search, named Tabu Search (TB). Detecting dependencies is important, as it allows
ﬁnding semantic relations between subjective words.
Before discussing the methodology, let’s give some background. A Markov Blanket (MB) for
a random variable Y is a subset Q of a set of random variables X, such that y is independent of
X\Q, and conditional on all variables in Q. Diﬀerent MB DAGs that entail the same factorization
for the conditional probability of Y , conditional on a set of variables X, are said to belong to the
same Markov equivalence class. Additionally, the search used in this paper is the TS, which is a
meta-heuristic strategy that helps local search heuristics explore the state space by guiding them
out of local optima [35]. The basic Tabu search is simple. It starts with a solution and iteratively
chooses the best move, according to a ﬁtness function. This search method assures that solutions
previously met are not revisited in the short-term.
The algorithm can be summarized as follows:
It ﬁrst generates an initial MB for Y from the data. To do so, it collects variables which are
within two hops of Y in terms of geographical representation: Potential parents and children plus
their potential parents and children. The graph so far is undirected. To make the graph directed
their method uses the rules described in [8], and then prunes the remaining undirected edges and
bi-directed edges to avoid cycles, passes them to a Tabu Search, and returns the MB DAG.
They evaluate their algorithm using the data that contains approximately 29,000 posts to the
rec.arts.movies.reviews newsgroup archived at the Internet Movie Database (IMDb). To put the
data into the right format, they convert the explicit ratings into one of three categories: positive,
negative, or neutral. They extracted all the words that appeared in more than 8 documents, and
thus were left with a total number of 7,716 words, as input features. So each document in this
experiment is represented as
X = [X1,···,X7,716]
4611.3 Appraisal Expressions
Appraisal expression extraction can be viewed as a fundamental task in sentiment analysis. An
appraisal expression is a textual unit expressing an evaluative stance toward some target [13]. The
paper that I’m going to discuss in this section tries to characterize the evaluative attributes of
these textual units. The method in [13] extracts adjectival expressions. An appraisal expression,
by deﬁnition, contains a source, an attitude, and a target, each represented by diﬀerent attributes.
As a simple example consider the following sentence:
I found the movie quite monotonous.
Here the speaker (the Source) has a negative opinion (quite monotonous) towards the movie (the
Target). The appraisal theory is based on the following deﬁnitions:
• Attitude type: aﬀect, appreciation, or judgment.
• Orientation: positive, or negative.
• Force: intensity of the appraisal.
• Polarity: marked, or unmarked.
• Target type: semantic type for the target.
They use a chunker to ﬁnd attitude groups and targets using a pre-built lexicon, which contains
head adjectives and appraisal modiﬁers. After that, the system links each attitude to a target.
Each sentence is parsed into dependency representation, and linkages are ranked so that the paths
in the dependency tree connecting words in the source to words in the target can be found. After
these linkages are made, this information is used to disambiguate multiple senses that an appraisal
expression may present.
Let’s denote the linkage type used in a given appraisal expression by `, the set of all possible
linkages as L, and a speciﬁc linkage type by l. Also let’s denote target type of a given appraisal
expression by τ , the set of all target types by T , and a speciﬁc target type by t.
The goal is to estimate, for each appraisal expression e in the corpus, the probability of its
attitude type being a, given the expressions target type t and its linkage type l.
P(A = a|e) = P(A = a|τ = t,` = l)
Let the model of this probability be M,
PM(A = a|τ = t,` = l) =
PM(τ = t,` = l|A = a)PM(A = a)
PM(τ = t,` = l)
Assuming conditional independence yields:
PM(τ = t|A = a)PM(` = l|A = a)PM(A = a)
PM(τ = t)PM(` = l)
Given a set of appraisal expressions E extracted by chunking and linkage detection, the goal is to
ﬁnd the maximum likelihood model
M∗ = arg max
M
Y
e∈E
Y
a∈A
M(A = a|e)
They perform two separate evaluations on the system to evaluate the overall accuracy of the
entire system, and to speciﬁcally evaluate the accuracy of the probabilistic disambiguator.
4711.4 Blog Sentiment
In this section, we discuss the work in [21] that describes textual and linguistic features extracted
and used in a classiﬁer to analyze the sentiment in blog posts. The aim to see if a post is subjective,
and whether it represents a good opinion or a bad one.
The training dataset used in this paper is created in two steps. First, the authors obtained the
data via RSS feeds. Objective feeds are from news sites, like CNN, NPR, etc. as well as various sites
about health, world, and science. Subjective feeds include content from newspaper columns, letters
to an editor, reviews and political blogs. In the second step, Chesley et, al [21] manually verify
each document to conﬁrm whether it is subjective, objective, positive, or negative. The authors
use three class of features to classify the sentiment. Textual features, Part-of-Speech features, and
lexical semantic features. Each post is then represented as a vector of features in SVM.
Chesley et, al [21] use the online Wikipedia dictionary to determine the polarity of adjectives
in the text, as adjectives in wiktionary are often deﬁned by a list of synonyms. This is based on
their assumption that wiktionary method assumes that an adjective will most likely have the same
polarity as its synonym. Each blog post, in this method, is represented as a vector with count
values for each feature. A binary classiﬁcation is then performed for each post using a Support
Vector Machine (SVM) classiﬁer. Their hold-out experiments show that for objective and positive
posts, positive adjectives acquired from Wikipedias Wiktionary play a key role in increasing overall
accuracy.
11.5 Online Product Review
A large amount of web content is subjective and shows people’s reviews for diﬀerent products and
services. The problem of analyzing reviews gives a user an aggregate view of the entire collection
of opinions, and segmenting the articles into classes that can further be explored. In this section
we review the method of sentiment analysis in [23], which uses a rather large dataset, and n-grams
instead of unigrams. Their dataset consists of over 200k online reviews with an average of more
than 800 bytes.
Three classiﬁers are described in [23]. The Passive Aggressive (PA) classiﬁers are a family of
margin based online learning algorithms, and are similar to SVM. In fact, they can be viewed as
online SVM. PA tries to ﬁnd a hyperplane to divide the instances into two groups. The margin is
proportional to an instance’s distance to the hyperplane. When the classiﬁer encounter errors, the
PA algorithm utilizes the margin and changes the current classiﬁer. Choosing PA instead of SVM
to do the classiﬁcation has two advantages. First, the PA algorithm follows an online learning
pattern. The PA algorithm has a theoretical loss bound, which makes the performance of the
classiﬁer predictable [23].
The second classiﬁer is the Language Modeling (LM) based classiﬁer, which is a generative
method and classiﬁes a word, sentence, or string by calculating its probability of generation. The
probability of a string s = w1 ···wl is calculated as
P(s) =
l Y
i=1
P(wi|wi−1
1 )
where w
j
i = wi ···wj.
Cui et, al [23] use the Good-Turning estimation in their method, which states that if an n-gram
48occurs r times, it should be treated as if it had occurred r∗ times.
r∗ = (r + 1)
nr+1
nr
where nr denotes the number of n-grams that occur r times in the training data.
Window classiﬁer is the third classiﬁer described in [23]. Window is an online learning algorithm
which has been used for sentiment analysis before. This algorithm learns a linear classiﬁer from
bag-of-words of documents to predict the polarity of a review x. More formally,
h(x) =
X
w∈V
fwcw(x)
where cw(x) = 1 if word w appears in review x and is 0 otherwise. Wondow uses a threshold value
V to classify the reviews based on that as positive and negative.
The main contribution of this work, however, is to explore the role of n-grams as features in
analyzing sentiments when n > 3. In their study they set n = 6 and extract nearly 3 million
n-grams after removing those that had appeared in less than 20 reviews. They calculate 2 for each
n-grams. Assume the following assignments:
• t: a term.
• c: a class.
• A: the number of times t and c co-occur.
• B: the number of times t occurs without c
• C: the number of times c occurs without t
• D: the number of times neither t nor c occurs
• N: the number of documents.
Then
X2(t,c) =
N × (AD − CB)2
(A + C) × (B + D) × (A + B) × (C + D)
After calculating this score for each n-gram, The n-grams are sorted in descending order by their
2 scores, and the top M ranked n-grams are chosen as features for the classiﬁcation procedure.
They show that high order n-grams improve the performance of the classiﬁers, especially on
negative instances. They also claim that their observation based on large-scale dataset has never
been testiﬁed before.
4912 Sentiment Analysis II
In this chapter we continue our review on some novel techniques in sentiment analysis. We look at
works on classiﬁcation of review, and subjectivity strength.
12.1 Movie Sale Prediction
Analyzing weblogs to extract opinions is important since they contain discussions about diﬀerent
products, and opinionated text segments. Mishne and Glance [54] have looked at blogs to examine
the correlation between sentiment and references. The ﬁrst set of data that the authors use is
IMDB – the Internet Movie Database. For each movie they obtained the date of its opening, as
well as the gross income during the weekend. Additionally, they have a set of weblog data, from
which they extract relevant posts to each movie. the relevance of a post and a movie is determined
by the following criteria:
• The post should fall within the period starting a month before to a month after the date of
the movie release.
• The post should contain a link to the movie’s IMDB page, or the exact movie name appears
in the content of the post together with one of the words, movie, watch, see, ﬁlm).
For each post in the list of relevant ones, Mishne and Glance extracted part of text by selecting
k words around the hyperlink where the movie is referred to. The value of k is various between 6
and 250. For each context, they calculate the sentiment score as described in [58]. Their analysis
was carried on 49 movies, released between February, and August 2005. The polarity score of this
sentiment analysis is ﬁtted to a log-linear distribution, with the majority of scores falling within a
range of 4 to 7.
To perform some experiments, they use the Pearson’s correlation between some sentiment-
derived metrics (number of positive contexts, number of negative contexts, total number of non-
neural contexts, ratio between positive and negative contexts, the mean and variance of sentiment
values), and both income per screen, and raw sales of each movie.
The experiments in [54] show that in the domain of movies, there is a high corelation between
references to the movies in blog entries, and movies gross income. They also demonstrate that the
number of positive reviews correlates better than raw counts in the period prior to the release of a
movie.
12.2 Subjectivity Summarization
The analysis of diﬀerent opinions and subjectivity has received a great amount of attention lately
because of its various applications. In this section we reviewed a new approach in sentiment analysis
described by Pang and Lee [59]. Two factors distinguish this work from all previous works that
focused on selecting lexical features and classiﬁed sentences based on some such features. First,
in this work, labels that are assigned to sentences are either subjective or objective. Second, a
standard machine learning classiﬁer is applied to make an extract.
Document polarity can be considered as a special case of text classiﬁcation in which we classify
sentences to sentiments rather than topic based categories. This enables us to apply machine
learning techniques to solve this problem. To extract sentiments within a corpus, a system should
50review the sentences, and tag their subjectivity. Subjective sentences should further be classiﬁed
into positive and negative sentences. Suppose we have n terms, x1,···,xn, and we want to classify
them into C1 and C2. This paper utilizes a mincut-based classiﬁcation which uses two weight
functions: indj(x), and assoc(x,y). Here, indj(x) shows the closeness of data point x to class j
and the association function shows the similarity of two data points to each other.
We would like to maximize each item’s “net happiness” (i.e., its individual score or the class
it is assigned to, minus its individual score for the other class). They also aim to penalize putting
highly associated items into diﬀerent classes. Thus, the problem reduces to an optimization one,
and the goal is to minimize
X
x∈C1
ind2(x) +
X
x∈C2
ind2(x) +
X
xi∈C1,xk∈C2
assoc(xi,xk)
To solve this minimization problem, the authors build an undirected graph G with vertices
{v1,···,vn,s,t}. Edges (s,vi) with weights ind1(xi) and (vi,t) with weights ind2(xi) are added.
After that,
¡n
2
¢
edges (vj,vk) with weights assoc(xj,xk) are added. Now, every cut in the graph
G corresponds to a partition of items that have a cost equal to the partition cost and the mincut
minimizes this cost. Individual scores, ind1(x) and ind2(x), are assigned with PrNB
sub (x) and 1 −
PrNB
sub (x) respectively, where PrNB
sub (x) is Naive Bayes’ estimate of the probability that the sentence
x is subjective (Weights of SVM can also be used). The degree of proximity is used as the association
score of the two nodes.
assoc(xi,xj) =
½
f(j − i) · c if j − i 6 T
0 otherwise
The function f(d) speciﬁes how the inﬂuence of proximal sentences decays with respect to the
distance d. The authors used f(d) = 1, e1−d, and 1/d2.
Pang and Lee [59] show that the for the Naive Bayes polarity classiﬁer, the subjectivity extracts
are shown to be more eﬀective inputs than the original documents. The authors also conclude that
employing the mincut framework can result in an eﬃcient algorithm for sentiment analysis.
12.3 Unsupervised Classiﬁcation of Reviews
This section focuses on the unsupervised approach of classifying the reviews described in [70]. The
PMI-IR method is used to estimate the orientation of a phrase. This method uses the Pointwise
Mutual Information (PMI) and Information Retrieval (IR) to measure the similarity of words or
phrases. The sentiment extraction method in [70] is simple. First, it extracts phrases that contain
adjectives and adverbs. This is possible by applying a part of speech tagger, and then extracting
the phrases with speciﬁc order of tags. In the second step the semantic orientation of the extracted
phrases are estimated using PMI-IR. The PMI score between two words, w1 and w2 is calculated
as follows
PMI(w1,w2) = log2
³ p(w1&w2)
p(w1)p(w2)
´
where p(w1,w2) shows the probability that two words co-occur. this ratio is a measure of the degree
of statistical dependence between the words, whose logarithm is the amount of information that
we acquire about the presence of one of the words when the other is observed.
51Semantic Orientation (SO) is then calculated as
SO(phrase) = PMI(phrase,“excellence00) − PMI(phrase,“poor00)
With some minor algebraic manipulations:
SO(phrase) = log2
hhits(phrase NEAR “excellence00)hits(“poor00)
hits(phrase NEAR “poor00)hits(“excellence00)
i
where hits(query) is the number of hits returned for the query. Then the system classiﬁes the
review based on the average semantic orientation of the phrases.
In experiments with 410 reviews from Epinions, the algorithm reaches an average accuracy of
74%. Movie reviews seem diﬃcult to classify, and the accuracy on movie reviews is about 66%.
On the other hand, for banks and automobiles, the accuracy is 80% to 84%. Travel reviews are an
intermediate case. This might suggest that in movies, the whole is not the sum of the parts, while
in banks and automobiles it is.
12.4 Opinion Strength
Subjective expressions are terms or phrases that express sentiments. According to [73] the subjec-
tive strength of a word or phrase is the strength of the opinion, emotion that is expressed. Their
examination of the annotated data shows that strong subjectivity is expressed in many diﬀerent
ways. Subjectivity clues (PREV) include words and phrases obtained from manually annotated
sources. Due to the variety of clues and their sources, the set of PREV clues is not limited to a
ﬁxed word list or to words of a particular part of speech.
The syntactic clues are mostly developed by using a supervised learning procedure. The training
data is based on both a human annotated (the MPQA) corpus and a large unannotated corpus
in which sentences are automatically identiﬁed as subjective or objective through a bootstrapping
algorithm. The learning procedure consists of three steps. First, the sentences in the training data
are parsed with the Collins’ parser. Second, ﬁve syntactic clues are formed for each word w, in
every parse tree. The class of a word in a parse tree can be one of the following:
• root(w,t): word w with POS t is the root of the parse tree.
• leaf(w,t): word w with POS tag t is a leaf in the dependency parse tree.
• node(w,t): word w with POS tag t.
• bilex(w,t,r,wc,tc): word w with POS tag t is modiﬁed by word wc with POS tag tc, with
grammatical relationship of r.
• allkids(w,t,w1,t1,···,rn,wn,tn): Word w with tag t has n children, wi with tags ti that
modify w with grammatical relationship ri.
Some rules are set to specify the usefulness of a clue.
A clue is considered to be potentially useful if more than x% of its occurrences in the
training data are in phrases marked as subjective where x is a parameter tuned on the
training data.
52The authors have set x = 70 in their experiments. Useful clues are then put into three classes:
highly reliable, not very reliable, and somewhat reliable. These reliability levels are determined by
occurrence. For each clue c they calculate P(strength(c)) = s as the probability of c being in an
annotation of strength s. If P(strength(c)) = s > T for some threshold T, c is put in the set with
strength s.
Their experiments show promising results in extracting opinions in nested clauses, and classi-
fying their strength. Syntactic clues are used as features, and the classiﬁcation is done using the
bootstrapping method with the 10-fold cross-validation experiments. Improvements in accuracy of
the new system compared to a baseline range from 23% to 79%.
5313 Spectral Methods
This last chapter covers the spectral methods in graphs. Particularly, we look at transductive
learning, and spectral graph partitioning.
13.1 Spectral Partitioning
Spectral partitioning is a powerful, yet expensive technique for graph clustering [33]. This method
works based on the deﬁnition of incidence matrix. The incidence matrix, In(G), of the graph G is
an |N| × |E| matrix, with one row for each node and one column for each edge. A column is zero
except for two values i and j which are +1 and −1 respectively if there is an edge e(i,j) in the
graph. Additionally, the Laplacian matrix L(G) of G is an |N| × |N| symmetric matrix, with one
row and column for each node, where
(L(G))(i,j) =
8
<
:
deg(i) if i = j
−1 if i 6= j and there is an edge (i,j)
0 Otherwise.
L(G) has several properties:
1. Symmetry. This causes eigenvalues of L(G) to be real, and its eigenvectors be real and
orthogonal.
2. If e = [1,...,1]T, then L(G).e = 0.
3. In(G).(In(G))T = L(G)
4. If for a non-zero v, L(G).v = lambda.v then,
λ =
k(In(G)T.v)k2
kvk2
5. 0 6 λ1 6 λ2 6 ··· 6 λn where, λi are eigenvalues of L(G).
6. The number of connected components of G is equal to the number of λi’s that are equal to
0. This means that λ2 6= 0 if and only if G is connected. (λ2(L(G)) is called the algebraic
connectivity of G)
Algorithm 1 Spectral partitioning algorithm
1: Compute the eigenvector v2 corresponding to λ2 of L(G)
2: for Each node n of G do
3: if v2(n) < 0 then
4: Put node n in partition N−
5: else
6: Put node n in partition N+
7: end if
8: end for
It is shown in [33] that if G is connected, and N− and N+ are deﬁned by algorithm 1, then
N− is connected. It can also be shown that, if G1 = (N,E1) is a subgraph of G = (N,E), such
that G1 is “less connected” than G, then λ2(L(G1)) 6 λ2(L(G)).
5413.2 Community Finding Using Eigenvectors
In this section we overviewed the method of ﬁnding communities in networks using eigenvectors
suggested by Newman [57]. The problem, for which a solution is suggested, tries to cluster net-
work data. Networks have received great attention in physics and other ﬁelds as a foundation of
the mathematical representation of a variety of complex systems, including biological and social
systems, the Internet, the World Wide Web, and many others. There has been a lot of eﬀort to
devise algorithms to cluster graphs. However, the major problem is to develop algorithms that can
be run in parallel or distributed computing systems.
If A is the adjacency matrix of the graph, in which Aij is 1 if there’s an edge between two
vetrices i,j, then the number of edges going from one cluster to another is
R =
1
2
X
i,j in diﬀerent clusters
Aij
The index vector, s, deﬁnes for a vertex, whether it is in the ﬁrst group or the second. It assigns
a vertex a value of si = 1 in the former case, and si = −1 in the latter. The following is the
immediate result of the index vector’s deﬁnition.
1
2
(1 − sisj) =
½
1 if i,j are in diﬀerent groups
0 if i,j are in the same groups
Then
R =
1
4
X
ij
(1 − sisj)Aij
Also the degree of node i, ki, is calculated as
ki =
X
j
Aij
The above equations can be reformulated in the matrix form as
R =
1
4
sTLs
where Lij = kiδij − Aij and δij is 1 if i = j and 0 otherwise. L is called the Laplacian matrix
of the graph. Assume λi is the eigenvalue of L corresponding to the eigenvector vi, and that
λ1 6 λ2 6 ··· 6 λn. Furthermore, if n1,n2 are the required sizes of groups, then
a2
1 = (vT
1 s)2 =
(n1 − n2)2
n
where ai = vT
i s.
Newman [57] deﬁnes the notion of modularity of a graph Q as Q = (number of edges within
communities) − (expected number of such edges). The goal of network clustering is then reduced
to the problem of optimizing the modularity of the network. More formally, Q can be deﬁned as
Q =
1
2m
X
ij
[Aij − Pij]δ(gi,gj)
55where Pij is the expected number of the edges falling between a particular pair of vertices, i and
j. In this setting, Aij is the actual number of such edges, and δ(r,s) = 1 if r = s and 0 otherwise.
Note that δ(gi,gj) = 1
2(sisj + 1) thus,
Q =
1
4
X
ij
[Aij − Pij](sisj + 1)
and the matrix form
Q =
1
4m
sTBs
where Bij = Aij − Pij. B is called the modularity matrix. He solves this equation as
Q =
1
4m
X
i
α2
iβi
where βi is the eigenvalue of B corresponding to eigenvector ui. Thus, Newman shows that the
modularity of a network can be represented using eigenvalues and eigenvectors of a matrix and is
called the modularity matrix. Using this expression Newman [57] derives algorithms for identifying
communities, and detecting bipartite or k-partite structure in networks, and a new community
centrality measure.
13.3 Spectral Learning
Spectral learning techniques are algorithms that use information contained in the eigenvectors of a
data aﬃnity matrix to detect structure. The method described in [40] is summarized as follows:
1. Given data B, the aﬃnity matrix is A ∈ Rn×n = f(B).
2. Form D, a diagonal matrix, with Dii =
P
j Aij.
3. Normalize: N = (A + dmaxI − D)/dmax.
4. Let x1,···,xk be the k largest eigenvectors of N and form a normalized matrix using X =
[x1,···,xk] ∈ Rn×k−1
5. Assign a data point xi to j if and only if the row Xi is assigned to j.
Kamvar et, al [40] specify a data-to-data Markov transition matrix. If A is the similarity
matrix of the documents, then the equality A = BTB holds for a term-document matrix B. To
map document similarities to transition probabilities, let’s deﬁne N = D−1A, where D is a diagonal
matrix with Dii =
P
j Dij. Here, N corresponds to a transitioning with probability proportional
to relative similarity values.
Four diﬀerent datasets are used in [40] to compare the spectral learning algorithm to K-means:
20 newsgroups, 3 newsgroups, LYMPHOMA, SOYBEAN.
They further suggest an algorithm for classiﬁcation.
1. Deﬁne A as previously mentioned.
2. For each pair of points (i,j), if they are in the same class, assign Aij = Aji = 1.
563. For each pair (i,j) if they’re in diﬀerent classes, set Aij = Aji = 0.
4. Normalize N = 1
dmax(A + dmaxI − D)
If natural classes occur in the data, the Markov chain described above should have cliques. The
key diﬀerences between the spectral classiﬁer and the clustering algorithm are that A incorporates
labeling information, and a classiﬁer is used in the spectral space rather than a clustering method.
This algorithm is able to classify documents by the similarity of their transition probabilities to
known subsets of B, and this makes this method novel.
1. Given the data B, the aﬃnity matrix is A ∈ Rn×n = f(B).
2. Form D, a diagonal matrix, with Dii =
P
j Aij.
3. Normalize: N = (A + dmaxI − D)/dmax.
4. Let x1,···,xk be the k largest eigenvectors of N and form a normalized matrix using X =
[x1,···,xk] ∈ Rn×k−1,
5. Represent each data i by the row Xi of X.
6. Classify the rows as points using a classiﬁer.
7. Assign a data point i to the class that Xi is assigned.
13.4 Transductive learning
Transductive learning is referred to some applications, in which the examples are already known
when a classiﬁer is trained. Relevance feedback is an example of such tasks, in which users give
positive and negative labels to examples that are in the training set.
The learning task is deﬁned on a ﬁxed array X of n points (~ x1, ~ x2,···, ~ xn). The classiﬁcation
label for each data point is denoted by yi and can either be +1 or −1. A transductive learner can
analyze the location of all points and so can structure its hypothesis space based on the input.
The method of spectral graph transducer (SGT) is described in [39]. This algorithm takes as
input the training labels Yl, and a weighted undirected graph on X with adjacency matrix A. The
similarity-weighted k-nearest neighbor graph can be made as
A0
ij =
(
sim(~ xi, ~ xj) P
~ xk∈knn( ~ xk) sim(~ xi, ~ xk) if xj ∈ knn(~ xi)
0 Otherwise
First, the diagonal degree matrix B should be computed, in which Bii =
P
j Aij. Then, the
Laplacian matrix can be computed, L = B − A. The normalized Laplacian is computed as
L = B−1(B − A)
The smallest d + 1 eigenvalues (excluding the ﬁrst) and their corresponding eigenvectors of L are
chosen and assigned to D and V respectively. For each new training set:
• ˆ γ+ =
q
l−
l+ and ˆ γ− =
q
l+
l−
57• Set Cii = l
2l+ for positive examples and Cii = 1
2l− for negative examples, where C is the cost
of training samples. This will guarantee equal costs of positive and negative samples.
• Compute G = (D + cV TCV ) and ~ b = cV TC~ γ. Find λ∗, the smallest eigenvalue of
·
G −I
− 1
n
~ b~ bT g
¸
• predictions can be computed as
~ z∗ = V (G − λ∗I)−1~ b
Finally, to do the hard class assignment we can threshold ~ z∗ wrt. 1
2(ˆ γ+ + ˆ γ−), and set yi =
sign(zi − 1
2(ˆ γ+ + ˆ γ−))
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